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We report an unexpected superparamagnetic behavior in antiferromagnetic Cr2O3 nanoparticles. The Cr2O3 particle cores retain
their original antiferromagnetic phase, while the surfaces of the particles become superparamagnetic. The X–ray diffraction
results confirm that the sample is corundum structure without any other phases. Through X–ray photoelectron spectroscopy
characterizations, the particle surfaces present three different oxidation states: Cr3+ (antiferromagnetic), Cr4+ (ferromagnetic),
and Cr6+ (nonferromagnetic). A bimagnetic particle model with Cr3+ cores and higher Cr oxidation surface states is given to
explain the experimental results. In addition, we observe that spin–flop transition occurs in the antiferromagnetic cores below
the Néel temperature (292 K). The spin–flop transition field is uncommon comparing with other research, this novel behavior is
attributed to the presence of superparamagnetism in the surfaces through the exchange field. These findings reveal the significance
of surface states in mediating magnetic properties in antiferromagnetic materials.

1 Introduction

Due to its important applications in exchange bias and spin–
valve devices, antiferromagnetic (AF) oxides have been inten-
sively investigated.1–3 Special types of bimagnetic particles
with core/shell structure receive more attention: each CrO2
particle is enclosed by a Cr2O3 layer, which is unexpected for
ferromagnetic (FM)/AF core/shell structured particles;4 the
magnetic properties of an AF MnO core and a FM passiva-
tion shell (γ-Mn2O3 or Mn3O4) had been investigated;5 the
core behaves as a regular antiferromagnet and the shell be-
comes a two-dimensional diluted antiferromagnet in Co3O4
nanowires;6 in NiO nanoparticles, the core retains its original
AF order while the shell behaves as a spin glass system (Ni3+

ions).7,8

Cr2O3, as a typical AF material, has received increased
attention because of its abundant magnetic properties. Be-
low the Néel temperature (TN = 308 K)4,9,10 in zero magnet-
ic field, the Cr3+ spins align antiferromagnetically along the
[111] easy axis.7 Because of the AF order of the spins, the
crystal loses both space– and time–reversal symmetry below
TN , this symmetry reduction leads to that in sufficiently high
magnetic fields along the z axis the spins flop into the basal
plane maintaining their AF order, which is called as spin–flop
(SF). SF is a first-order transition that occurs at a critical field
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(HSF ; HSF = 5.8 T below 90 K).9 Up to now, most groups had
observed the SF transition experimentally at sufficiently high
magnetic fields in low temperature range;10,11 Among those,
Foner et. al. systematically investigated the HSF of Cr2O3 and
(Cr2O3)0.9·(Al2O3)0.1 from 4.2 K to about 0.95TN ,12 which
significantly broaden the temperature range where the SF tran-
sition happens comparing with other experimental or theoret-
ical conclusions.

In this paper, we report an unexpected superparamagnetic
(SPM) behavior in AF Cr2O3 nanoparticles, the SPM signals
could even exist above TN . Magnetic properties of the bimag-
netic nanoparticles with AF cores and SPM surface states are
studied and the origin of the anomalous magnetic behavior is
discussed in detail. More interestingly, the presence of SPM
surface state influences the AF core, which makes that the be-
havior of HSF in AF phase is unusual comparing with other
research.9–12

2 Experimental Section

2.1 Synthesis of Cr2O3 Nanoparticles

The chemical reagent used as starting material is analytical
grade and were used without any further treatment. Cr2O3
nanoparticles were synthesized by thermal decomposition of
chromium chloride hexahydrate (CrCl3·6H2O). The starting
material was sintered at 800 ◦C for 1 hr in the air to obtain
the sample. As–prepared Cr2O3 nanoparticles were annealed
in oxygen atmosphere (Cr2O3–O2) at 500 ◦C for 1 hr to study
the origin of the magnetism.
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Fig. 1 XRD pattern of Cr2O3 nanoparticles, together with the
theoretical pattern of Cr2O3 in corundum structure [rhombohedral
lattice system with space group of R3c(167), JCPDS card No.
84–1616].

Fig. 2 (a), (b) SEM images of Cr2O3 nanoparticles. The
nanoparticles aggregate to form microplates.

2.2 Characterization

X–ray diffraction (XRD; X’Pert PRO PHILIPS with Cu Kα
radiation, Almelo, Netherlands) was employed to study the
structure of the sample. The morphology was character-
ized by scanning electron microscope (SEM; Hitachi S–4800,
Chiyoda–ku, Japan). Microstructure of the sample was ob-
tained using a transmission electron microscope (TEM; Tec-
nai TMG2F30, FEI) and high–resolution TEM (HRTEM) e-
quipped with energy dispersive X–ray spectrometer (EDX).
Measurements of magnetic properties were performed using
a Quantum Design MPMS magnetometer based on a super-
conducting quantum interference device (SQUID; Quantum
Design, Inc., San Diego, USA). X–ray photoelectron spec-
troscopy (XPS; VG Scientific ESCALAB–210 spectrometer,
East Grinstead, UK) was utilized to determine the bonding
characteristics and the composition of the nanoparticles.
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Fig. 3 (a) TEM image of Cr2O3 nanoparticles. (b) High resolution
TEM image of Cr2O3 nanoparticles, the interplanar spacing of (110)
is 0.25 nm. Inset shows the region where the HRTEM image is
obtained. (c) Corresponding EDX result of Cr2O3 nanoparticles.

3 Results and Discussion

The XRD pattern of Cr2O3 nanoparticles is shown in Fig.
1. The results indicate that the sample is corundum structure
[rhombohedral lattice system with space group of R3c(167),
JCPDS card No. 84–1616, a = b = 4.97 Å, c = 13.67 Å] with-
out any other phases. SEM images (Fig. 2) reveal that the
sample is formed of aggregated microplates with 0.2 ∼ 0.4
µm thickness and 1 ∼ 4 µm radius. In order to see the size of
crystallites which aggregated into microplates, the sample was
measured by TEM after a longtime ultrasonic treatment. As
shown in Fig. 3(a), the sample dispersed into small particles
after ultrasonic treatment. The particle diameters distribute in
the range of 60 ∼ 80 nm. On the other hand, using the Scher-
rer formula for the full width at half–maximum of the main
peaks in XRD pattern, the average crystallite size is calculat-
ed to be 68.3 ± 3.9 nm which matches the particle size read
from Fig. 3(a) well. From the HRTEM image shown in Fig.
3(b), the clear atom arrangement can be found inside of the
particle, and the representative interplanar spacing is 0.25 nm
equaling to the (110) plane of Cr2O3. Fig. 3(c) depicts the
corresponding EDX result of our sample, only the elements
Cr, O, Cu, and C are present. It can be understood that Cu
and C are from the carbon membranes which hold the sample
during measurement. Besides, none of impurity element was
detected.

Figure 4(a) shows the zero–field–cooled (ZFC) and field–
cooled (FC) magnetization curves. It is worth noting that two
temperature peaks are observed: the first broad one (Tp1) at
around 91 K and the second one (Tp2) at about 292 K. When
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Fig. 4 (a) ZFC–FC curves at the dc field of 100 Oe in the
temperature range of 2 ∼ 330 K. M–H curves at several
temperatures [(b) 20 K, (c) 170 K, (d) 250 K, (e) 300 K]. The
magnification of the central part for M–H curves are shown in
insets. The SF transition is indicated by the change of curvature in
the M–H curves. Numerical derivative of the M–H curves are shown
in (f) 20 K, (g) 170 K, (h) 250 K, (i) 300 K.

cooling down from 330 K, ZFC and FC curves overlap closely
until a peak at 292 K appears in both curves. Then they follow
a similar trend, that is, the susceptibility increases slowly with
the decreasing temperature. Below Tp1, the dividable curves
reveal that the magnetization reversal is irreversible. We also
measured magnetization curves as a function of applied mag-
netic field (M–H) at different temperatures [Fig. 4(b) ∼ (e)].
The curves after deducting the AF contribution are shown in
Fig. S3. It can be seen that all the M–H curves show an S–
shape signal in lower field (< 0.5 T), and the curves measured
below Tp2 show a nonlinear behavior with the increasing of
magnetization in higher field (> 2 T). The latter one is the
characteristic of SF transition. In order to further study S-
F transition, we have performed the numerical derivative of
the M–H curves, and HSF is defined as the maximum in the
derivative curves in the Fig. 4(f) ∼ (i). The SF transition is
observed from 20 K to 250 K and HSF decreases firstly, then
increases with the rise of measuring temperature: the corre-
sponding HSF is 5.1, 4.3, and 6.1 ×104 Oe at 20, 170, and 250
K, respectively. This phenomenon is different from those re-
ported earlier: the HSF increased monotonously with increase
of the critical temperature,10,12 and that will be discussed in
detail below.

The moments after deducting the AF signal at 300 K [Fig.
S3(h)] yield the clear S–shape dependence of the applied mag-
netic field. Remarkably, no coercivity is found, which might
betoken appearance of superparamagnetism. In fact, from the
magnification of the central part of M–H curves measured at
20 K below Tp1 [the inset of Fig. 4(b)] and 170 K between Tp1
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Fig. 5 Field dependence of ZFC curves at (a), (e) 5 Oe; (b), (f)
1000 Oe; (c), (g) 2000 Oe. (d), (h) Plots of Tp1 and Tp2 vs Hp (black
circles); red line shows the fitting results.

and Tp2 [the inset of Fig. 4(c)], it can be clearly seen that coer-
civity exists at 20 K while it is absent at 170 K. Those suggest
that Tp1 might be the particle blocking temperature (TB) of the
SPM system. In order to further explore the origin of Tp1 and
Tp2, the ZFC magnetization curves were taken under different
magnetic fields (Fig. 5). The Tp1 (< 150 K) shifts to lower
temperature side with the increasing magnetic field. The cusp
temperature under different magnetic fields obeys the relation-
ship Hp1

2 ∝ (1–Tp1), and the curve of Tp vs Hp [where Tp1 is
defined as the maximum in the Fig. 5(a) ∼ (c)] is shown in Fig.
5(d), which is expected for a SPM system.13–15 These result-
s confirm the above conclusions about superparamagnetism
based on the M–H curves at different temperatures. As shown
in Fig. 5(e) ∼ (g), where Tp2 is defined as the inflection point
of each curve, there is distinct difference between the plots of
Tp2 from Tp1 vs Hp. The plateau where Tp2 ∼ 292 K appears
[Fig. 5(h)] in contrast to the sharp decrease of Tp1 with the
decreasing Hp. In most AF systems, the field dependence of
the critical phase boundary is very small in the range of the
usually accessible experimental field values.16 Therefore, we
can conclude that the Tp2 is the AF phase transition temper-
ature (TN). The TN of our AF Cr2O3 particles is reduced in
comparison with the bulk value (308 K)4,9,10, which would be
the result of the decrease in particle size.10,16

It is common to observe hysteresis loops and divergence be-
tween ZFC/FC curves in low dimension AF materials. How-
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ever, there is no recognized explanation to solve these prob-
lems until now. Different models are built in each AF system.
Presence of an AF core and a ferromagnetic passivation shell
was proposed in investigating the magnetic properties of M-
nO nanoparticles.5 It is found that γ-Mn2O3 or Mn3O4 (de-
pends on the particle size) would present in the particle shell
due to the surface passivation. Benitez et. al. attributed the ir-
reversible magnetization of AF Co3O4 nanowires to the wire
shells which form two–dimensional diluted AF systems.6 This
model also applies to AF BiFe0.8Mn0.2O3 nanoparticles.17

The picture is more complicated for NiO system. Claims such
as presence of Ni3+ ions within the AF NiO lattice,18 AF
interaction with canted surface spins,3 or surface spin disor-
der induced spin–glass behavior rather than SPM19 were pro-
posed to explain the anomalous magnetic properties in NiO
nanoparticles. In our system, the unexpected SPM behavior
and spin-flop (SF) transition have been observed. Specifical-
ly, the SPM signals could exist above TN of Cr2O3, which
means the magnetic coupling of that SPM cannot be the su-
perexchange among Cr3+–O2−–Cr3+. What is the origin of
superparamagnetism in AF Cr2O3 particles? How to gener-
ate net moments in this AF system? Many different mech-
anisms based on the origin of moments have been proposed
in the oxide systems: 1) Defects bear the brunt of the ori-
gin, especially O vacancies: CuO (O vacancies),20 CoO (O
vacancies);21 2) The mixed valences could cause ferromag-
netism, such as, CeO2 (the surface Ce3+/Ce4+ pairs),22 VO2
(the valence charge defects with unpaired electrons V5+ in
VO2 thin film).23 In order to further identify the origin of mo-
ments in our system, Cr2O3–O2 samples were prepared. The
M–H curve of Cr2O3–O2 is shown in Fig. S5 (red line). The
hysteresis loops of two samples are similar, which indicates
that the observed SPM should not be directly related with O
vacancies.

The chemical states of the compositional elements in Cr2O3
particles were revealed by the XPS. In Fig. 6, the survey spec-
trum, the indexed peaks only correspond to elements Cr, O,
and C, where the binding energies are calibrated by taking car-
bon C 1s peak (285.0 eV). The peak in the Cr 2p3/2 spectrum
(the inset of Fig. 6) is not totally symmetrical, which can be
well fitted by three peaks with different binding energy com-
ponents:24 The dominant peak located at 577.2 eV is assigned
to Cr3+ ions; the other binding energy components can match
Cr4+ ions (576.3 eV) and Cr6+ ions (579.0 eV). It is common
to see the presence of a higher oxidation state at the surface
of the transition metal oxides which have several stable oxi-
dation states due to surface effect. For example, in epitaxial
undoped VO2 thin films which are grown by pulsed laser de-
position, different valence states of V ions were found at the
surface by XPS characterization.23 The major part of that is a
higher oxidation state (V5+) and takes up 47% of the V ion-
s. Another example is AF MnO nanoparticles, the Mn ions at
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Fig. 6 XPS survey spectrum. The inset shows high resolution scan
and fitting results of Cr 2p3/2 core level.

the particle surface are oxidized to a higher valence (Mn3+)
due to the passivation effect and form a surface passivation
shell of γ–Mn2O3 or Mn3O4.5 Similarly, the surface of the
as–grown CoO nanoparticles appears oxidized up to Co3O4,
and the surface effects here are described as a large amount
of point defects which adsorb mainly oxygen species.25 Va-
lence states of +2, +3, +4, and +6 are familiar in Cr ions, and
our samples are synthesized in the air. Therefore it is possible
to present higher oxidation states of Cr ions than ”+3” at the
particle surfaces. Reddy et. al. investigated magnetic cou-
pling of Cr2On (n = 1 ∼ 6) and found that the moments at the
Cr sites in Cr2O3 are antiferromagnetically coupled; the mo-
ments at the two Cr sites in CrO2 are ferromagnetically cou-
pled (TC ≈ 396 K); while the Cr sites have negligible moments
in CrO3.26 Thus, we further consider that the appearance of
SPM in Cr2O3 nanoparticles is owing to the presence of Cr4+

surface state rather than O vacancies.
As discussed above, the anomalous behavior of the ZFC

curve [Fig. 4(a)] could be explained by the formation of a
Cr2O3 core with CrO2 surface state system: the moments (FM
CrO2 surface) of the particles are blocked below the TB (∼ 91
K), and SPM above TB; the kinks at 292 K in the curve must
be caused by the order/disorder transition of the AF Cr2O3
cores.13 Néel predicted that AF material in fine particle for-
m should exhibit some interesting magnetic properties includ-
ing superparamagnetism and a weak ferromagnetism, which
has been also observed in various AF particles as the particle
size decreases. As the particle size decreases, a net magnet-
ic moment is produced due to the nonexact compensation of
the two magnetic sublattices, for example, imbalance in the
number of ”up and down” spins. A SPM susceptibility, due
to uncompensated spins, can dominate over the AF contribu-
tion itself.11,27,28 In the synthesized Cr2O3 nanoparticles (Fig.

4 | 1–6

Page 4 of 6RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



Fig. 7 A schematic diagram (red arrows represent the spins). For
Cr2O3 nanoparticles, the core (inside circles) spins are almost
antiparallel; in the surface, there is the mixture of Cr6+ clusters with
negligible moments and Cr4+ clusters which are so small that
superparamagnetism appears.

7), we also observed the similar results: the cores show reg-
ular AF orders, whereas the surface exhibits superparamag-
netism from the symmetry breaking of surface Cr4+ cations
(as well, Cr6+ cations have negligible moments). These re-
sults are similar to previous studies on Co3O4 nanostructures
and MnO nanoparticles, where AF systems are usually gov-
erned by core–shell behavior.5,16

The SF phenomenon as a kind of striking nonlinear effects
in antiferromagnets is observed when H equals a critical field
HSF given by:10,12

H2
SF =

2HEHA

1−χ∥/χ⊥
(1)

where HE is the exchange field in the molecular–field approx-
imation for two AF coupled sublattices, HA is the anisotropy
field, χ∥ and χ⊥ are the parallel and perpendicular suscepti-
bilities respectively. It is interesting that HSF in our sample
is much lower than other reports,10,12 which should be relat-
ed to appearance of the SPM phase. Bhowmik et. al. gave
the model about AF orders of spins in bulk and nanoscale
samples:27 1) The long range AF interactions for the perfect
bulk sample spans up to many particles without any modula-
tion (HEcore = HEshell); 2) For nanoparticles, the core spins are
almost antiparallel with slight distortion near the shell and the
deviation of shell spins from the AF arrangement makes the
HE value become less negative in the shell regions. Similarly,
in our bimagnetic nanoparticles HEcore < HEshell < 0 due to
the appearance of surface moments. The smaller absolute val-
ue of HE causes lower HSF compared with other Cr2O3 bulk
systems.

Furthermore, through the molecular–field constant λ and
the hypothesis that χ⊥ ∼ 1/ λ when HE ≫ HA, equation (1)
transforms into:10–12

H2
SF =

2K
χ⊥−χ∥

(2)

where K is the anisotropy constant which saturates in low tem-
perature range;29 the perpendicular susceptibility χ⊥ is in-
dependent on temperature, and the parallel susceptibility χ∥
decreases as temperature decreases and vanishes at 0 K.30,31

As can be seen, the SF transition provides information of the
anisotropy, which in an AF system is generally difficult to be
obtained through other experiments.10 It is also worth remark-
ing that in all Cr2O3 bulk and particle systems HSF increas-
es when the temperature rises monotonously.10,12 This depen-
dence is a characteristic for AF systems because the difference
(χ⊥ – χ∥) decreases faster than the magnetic anisotropy con-
stant K when the temperature increases.10,30,31 However, it is
puzzling in our system that the observed behavior of HSF (T)
is nonmonotonic, especially the increase of HSF below TB. At
room temperature or any temperature above TB, the SPM part
has sufficient thermal energy to overcome the energy barri-
er and thus the magnetic spins are free to fluctuate between
orientations owning to both applied magnetic field H and the
AF core; below TB, the spins are frozen, or blocked, along
their anisotropy axis resulting in a disordered state common to
SPM one.32 In addition, we expect that our observations will
become more pronounced with the decreasing crystallite size.
The unexpected SPM signal is attributed to the presence of
Cr4+ at particle surface. Just like the anomalous magnetic be-
havior which has been investigated in other low–dimensional
AF systems, it can be expected that the one associated with
surface effect would further enhance with the decreasing scale
of system due to the higher surface to volume ratio.3,5,7,19,25,33

Similarly, the AF anisotropy will be weakened with the de-
creasing particle size, which leads that the magnetization re-
versal becomes more easily under applied field keeping the an-
tiparallel arrangement of spins. Then the SF transition might
be observed in lower field.

4 Conclusions

In summary, bimagnetic Cr2O3 nanoparticles with corundum
structure were directly synthesized by thermal decomposition.
SF transition in the AF core occurs below TN (292 K), and ap-
pearance of SPM surface state is owing to the valence increase
(Cr4+ state). In addition, SPM surfaces make influence on the
inside AF cores through the exchange field, which leads to the
increase of HSF below TB. We hope our work could give an in-
sight into the magnetic properties of Cr2O3 nanoparticles and
provide a path to control magnetic ordering in AF materials.
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bel, K. R. Pirota, C. T. Meneses, S. Kumar, C. G. Lee,
P. G. Pagliuso and C. Rettori, Nanotechnology, 2010, 21,
035602.

16 M. J. Benitez, O. Petracic, H. Tüysüz, F. Schüth and H. Z-
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